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核应用材料的性能决定了核电站的安全程度，本论文以 SA-240 304 钢、
SA-738 Gr.B(QT)钢和 SA-738 Gr.B(SR)钢为对象，采用金相显微镜、透射电子显
微镜和正电子湮没技术深入研究了三种核能用钢在离子辐照前后的微观组织、抗
辐照性能以及辐照缺陷的退火演化行为等，并探讨了相关机理。 
未辐照 SA-240 304 钢的组织为奥氏体相，晶粒度约为 5 级，基体中网状位
错和直线状的形变孪晶带相互交织，分布不均匀，在基体中未观察到尺寸较大的
碳化物颗粒析出相。两种 SA-738 Gr.B 钢的组织为板条状和球状贝氏体与少量中
温铁素体的混合体，而 SA-738 Gr.B(SR)钢的板条状贝氏体更长，贝氏体数量更
多。两种 SA-738 Gr.B 钢的尺寸较大的析出相为立方晶系的碳化物，含 C、Mn、
Fe 和 Ni，以及尺寸较小含 Al相。 
两种 SA-738 Gr.B 钢在经过 400 keV 不同剂量的 H+离子辐照后，分别采用









SA-738 Gr.B(QT)钢的 τ2 值随辐照剂量先降低后缓慢增长。两种辐照钢 τ2 值变化
的差异源于两者生产过程中原始空位缺陷的数量不同导致的。两种钢的相对密度
















掠射小角度 XRD 测试结果表明 SA-240 304 钢经 Fe+离子辐照后有少量奥氏
体相转变为铁素体相。分别采用 Fe+和 He+辐照研究 SA-240 304 钢的辐照缺陷退
火演化行为，结果表明在 He+离子辐照样品中发现有高密度的小尺寸氦泡，之后
经过 10 小时的 450 ℃、500 ℃、550 ℃与 600 ℃退火后，样品中辐照缺陷的数
量会随着退火温度增加而明显减少，而有效直径则增大，并且氦泡趋于多边形形
状。通过计算氦泡的表观激活能值，得知退火温度在 450 ℃~600 ℃内，氦泡的
成长机制是迁移聚合机制。在 Fe+离子 SA-240 304 钢中未发现明显尺寸的空位团
或位错环等缺陷，对其进行 10 小时的 450 ℃、550 ℃和 650 ℃钢退火，TEM


















The safety of nuclear power depends on the performance of nuclear materials. 
This work makes the SA-240 304, SA-738 Gr.B(QT) and SA-738 Gr.B(SR) steels as 
study objects. Using microscope, transmission electron microscope and positron 
annihilation spectroscopy researches the microstructure and radiation resistance of 
three kinds of nuclear steels, and then explores annealing evolution behavior of 
irradiated defects and relevant mechanism. 
The microstructure of unirradiated SA-240 304 steel is of austenite phase, and 
the micro-grain size number is 5. Network dislocations and twin bands are intertwined 
in the matrix and uneven distributed. Large size carbide particles are not observed. 
The morphology of SA-738 Gr.B(QT) steel and SA-738 Gr.B(SR) steels is a mixture 
of lath-shaped and equiaxial bainite with a small amount of medium temperature 
ferrites and the latter steel has longer lath bainite. The precipitates of both steels are 
large carbides with cubic crystal structure, including C, Mn, Fe and Ni, and small 
Al-rich phase. 
After 400keV H+ ion irradiated with different influence, the TEM samples are 
prepared by FIB and electroplating and then twin-jet electropolishing. The dislocation 
loops of sample prepared by FIB are more than that prepared by latter. It means 
additional defects would be introduced by FIB. Some voids with about several 
nanometers are observed in TEM samples of both steels prepared by electroplating 
and twin-jet electropolishing. Statistical analysis shows positive correlation between 
the density of voids and irradiation fluence. The voids density of SA-738 Gr.B(SR) 
steel is smaller than SA-738 Gr.B(QT) steel, indicating the SA-738Gr.B(SR) steel has 
higher irradiation resistance ability than SA-738Gr.B (QT) steel. The PAS results 
show that all the mean life values of both steels are larger than that of annealed iron 















small size defects. The τ2 of SA-738 Gr.B(SR) steel do not change greatly with dose 
showing that vacancy clusters do not aggregate or grow. On the one hand,.there are 
not enough kinetic conditions for migration and growth. On the other hand, the 
internal pressure of vacancies is large, the growth of which needs to overcome the 
surface energy. The τ2 of SA-738 Gr.B(QT) steel first decrease and then grow slowly. 
The difference of τ2 values change from the number of original vacancy defects 
introduced in the production process. The relative intensities I2 of both steels increase 
with the increase of irradiation fluence as the vacancy nucleation conditions are 
different. The S-W curve of the irradiated steels show that only small defects are 
produced in steels. 
Grazing incidence small angle XRD indicates that small amount of austenite 
phases of SA-240 304 steel change into ferrite phases after Fe+ ion irradiation. Using 
H+ and Fe+ ion irradiation to accelerate simulated neutron radiation, the annealing 
evolution behavior of radiation defects are studied and the result indicates that fine 
and dense helium bubbles are observed in the matrices of cross-sectional samples 
irradiated by He+. The number density of irradiated defects decreases while the 
effective diameter increases with the increase of annealing temperature and the helium 
bubbles tend to polygonal shape. By calculating the apparent activation energy of 
helium bubbles, we find the mechanism of helium bubble growth is 
migration-polymerization mechanism in the annealing temperature of 450 ℃
~600 ℃. No vacancy clusters or dislocation loops are found in SA-240 304 steel 
irradiated by Fe+ ion. After annealing at 450 ℃, a small number of voids begin to 
appear, the number density of which is still low. The size of voids increases while the 
number density decreases after annealed at 550 ℃ and 650 ℃. 
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府间气候变化专门委员会(IPCC)2007 年发布的第 4 份系列报告强调了核能在降
低温室气体排放的作用。中国政府也制订了宏伟的核电发展计划，根据国务院新
批准的《核安全与放射性污染防治“十三五”规划及 2025 年远景目标》，到“十
三五”末，我国在运核电装机容量将达到 5800 万千瓦，在建机组达到 3000 万千
瓦以上，机组总数达到世界第二，来进一步达成中美碳排放协议中的目标[1,3]。
国际原子能机构预测，到 2050 年全世界核电装机容量将从目前 350 GWe 提高到

























AP1000 核电技术是美国西屋公司(Westinghouse)开发的，于 2004 年 9 月 13
日正式获得美国核管会(NRC)的设计批准书(FDA)，是第 4 个获得 NRCFDA 的反
应堆设计。作为 AP1000 最有力竞争对手的 EPR 核电技术，在提高核电机组安
全裕量所采用的办法是“纵深防御”设计，即增加安全冗余度，然而过分冗余设




2006 年 12 月中美两国政府签署《关于在中国合作建设先进压水堆核电项目
及相关技术转让的谅解备忘录》，首期在浙江三门一期、山东海阳一期各建 2 台
AP1000 机组，作为实现第三代核电自主化的依托，这是世界首批计划建设的
AP1000 核电机组。中国将对 AP1000 核反应堆技术进行充分消化、吸收和再创


































再次是蒸汽发生器占 10%，核级阀占 7%，主冷却泵占 5%，堆内构件占 4%，稳




所示，AP1000 反应堆安全壳的设计温度和压强分别为 0.407 MPa 和 300 ºF(约







壳用钢中，法国 ERP 压水堆采用的是 P265GH 钢(RCC-M 标准)，而美国 AP1000
系列采用的是 SA-738 Gr.B 钢(ASME 标准)。我国自引进 AP1000 堆型后才开始





























图 1.1 压水堆核电站的主要组件(a)和 AP1000 安全壳示意图(b)[6,9] 
Fig.1.1 Schematic of PWR components (a) and Sketch of AP1000 containment (b) 
目前国内运行的二代加改进型压水堆堆内构件主体材料采用的是 18-8 型奥




钢是在标准 316 奥氏体不锈钢基础上降低碳含量并加入 2%的钼(Mo)发展而来，
获得了优异的耐晶间腐蚀、焊接性能和加工性能，在 AP1000 反应堆中用作一回
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